Kuhla B, Albrecht D, Kuhla S, Metges CC. Proteome analysis of fatty liver in feed-deprived dairy cows reveals interaction of fuel sensing, calcium, fatty acid, and glycogen metabolism. Physiol Genomics 37: 88 -98, 2009. First published February 24, 2009 doi:10.1152/physiolgenomics.90381.2008.-The liver of dairy cows is involved in signaling the current hepatic metabolic state to the brain via metabolites and nerval afferents to control and adjust feed intake. Feed deprivation may result in mobilization of body reserves favoring hepatic steatosis. While the overall metabolic changes are well characterized, specific regulatory mechanisms are not readily understood. To identify molecular events associated with metabolic adaptation and the control of energy homeostasis, liver specimens from six ad libitum-fed and six feed-deprived cows were analyzed for selected metabolites, for the activation of AMP kinase, and for regulatory/regulated proteins using two-dimensional gel electrophoresis and MALDI-TOF-MS. Feed deprivation increased total liver fat and the calcium content, as well as augmented AMPK phosphorylation, while it decreased the contents of protein, glucose, glycogen, and cholesterol when expressed as a percentage of dry matter. Among 34 differentially expressed proteins identified, we found downregulation of proteins associated with fatty acid oxidation, glycolysis, electron transfer, protein degradation, and antigen processing, as well as cytoskeletal rearrangement. Proteins upregulated after feed deprivation included enzymes of the urea cycle, fatty acid or cholesterol transport proteins, an inhibitor of glycolysis, and previously unknown changes in calcium signaling network. Direct correlation was found between expression of glycolytic enzymes and glucose/glycogen content, whereas inverse correlation exists between expression of ␤-oxidative enzymes and total liver fat content. In conclusion, the regulatory response of identified proteins may help to explain development and consequences of hepatic lipidosis but also offers novel candidates potentially involved in signaling for maintaining energy homeostasis.
the periparturient cow is likewise accompanied by liver fat accumulation (15, 26) . However, this occurs as a consequence of increased fat depot mobilization subsequent to an energydeficient state, arising from an increased energy demand at the beginning of lactation.
There is evidence that the liver signals its energy status directly to the brain stem and the hypothalamus via vagal afferents (44) . These signals are affected by the hepatic oxidation of fuels and generation of ATP. The intracellular AMP: ATP ratio determines the activation of the 5Ј-AMP-activated protein kinase (AMPK), which is therefore sensitive to energy intake or deficiency. So far it has been found that activation of the AMPK signaling pathway regulates fatty acid oxidation, steroid and glucose metabolism, or calcium homeostasis (21, 35, 54) and thus also contributes to the regulation of feed intake. Only recently, studies began to identify individual genes that are regulated by the AMPK pathway and that account for metabolic changes in response to energy deficiency. For example, peroxisome proliferator-activated receptor-␣ and carnitine palmitoyltransferase 1 (CPT-1), both involved in fatty acid metabolism, were found to be differentially expressed upon AMPK activation (34, 49) and in the fatty liver (13, 46) . However, most of these studies were confined to the investigation of single transporters, enzymes, or receptors. More recently, the more global cDNA microarray technology has been introduced to dissect the molecular background of fatty liver on mRNA transcript level (36, 38) , but an inventory of proteins in response to changes of liver fat content is not available. Hence, the aim of the present study was to investigate expression changes of liver proteins to elucidate mechanisms involved in the metabolic adaptation of ruminants to reduced feed intake and mobilization of body fat reserves. In a first step we therefore used a global proteome analysis approach to identify and quantify liver proteins related to an energy-deficient status.
MATERIALS AND METHODS
Animals. The experimental protocol was in accordance with the German guidelines for the use of animals as experimental subjects and was approved by the Ethics Committee of the State Government of Mecklenburg-West Pomerania (registration no. LALLF M-V/TSD/7221.3-2.1-025/06). Twelve lactating German Holstein dairy cows housed in a barn were fed twice daily (4:30 AM and 11:30 AM) a total mixed ration (TMR) ad libitum consisting of corn and grass silage, hay, grain feed, minerals, and vitamins, providing adequate nourishment to meet the needs of dairy cows [6.4 MJ net energy for lactation (NE L)/kg dry matter (DM)]. Cows had free access to water and were milked twice daily (4:00 AM and 3:30 PM). All cows were not pregnant, in healthy conditions, 27-35 mo old, and 16 -201 days in milk of the 1st lactation. Animals were randomly allocated to two groups. One group of six cows was TMR deprived (energy, macro-and micronutrient deprivation) for 60 h but had access to short chopped wheat straw (3.0 MJ NE L/kg DM) to prevent rumen collapse (restricted group). The remaining six cows were fed ad libitum with TMR during this period (ad libitum group). The daily feed intake was measured individually for 60 h before slaughter. Calculated energy intake corresponded to 110.2 Ϯ 11.2 MJ NE L for the ad libitum and 18.0 Ϯ 1.1 MJ NE L for the restricted group, respectively (P Ͻ 0.01; t-test). Prior to the feeding experiment, the daily milk yield of the ad libitum group was 22.2 Ϯ 3.1 kg, that of the restricted group was 21.4 Ϯ 3.1 kg (P ϭ 0.65; t-test). At the day of slaughter, the mean body weight in the ad libitum and restricted group was 538 Ϯ 33 and 496 Ϯ 45 kg, respectively (P ϭ 0.12; t-test). Cows were killed by exsanguinations following captive bolt stunning 3 h after the morning milking. Then a piece from the right lobe of the liver was withdrawn, immediately frozen in liquid nitrogen, crushed to a fine powder, and stored at Ϫ80°C for no longer than 12 mo until used for twodimensional electrophoresis or chemical analyses, respectively.
Determination of total fat, protein, glucose, glycogen, cholesterol, and calcium in liver specimens. Tissue powder (100 mg) was dried in a muffle-type furnace at 105°C for 3 h to determine content of DM. Dried samples were applied for nitrogen and carbon content at an element CNS-2000 analyzer (LECO Instrumente, Mönchengladbach, Germany). Fat and protein content were calculated according to the method described previously (32) and expressed on a DM or wet weight basis. For calcium analysis, 100 mg liver was dried at 105°C for 3 h and combusted at 550°C for 5 h. The ash was dissolved in 500 l 10% HCl, and the filtrate was applied to a flame photometer EFUX 5057 (Eppendorf, Germany). For the analysis of glycogen and glucose, 25 mg frozen tissue was freeze-dried without heating, and powdered liver tissue was applied to an enzyme-based starch kit (#10207748035; Boehringer Mannheim, Germany) according to the manufacturer's introduction. We have verified that the process of freeze-drying had no influence on glycogen concentration. Determination of cholesterol was performed according to the LiebermannBurchard reaction, which also detects related 3-hydroxy-5-dehydro steroids and vitamin D, with the latter occurring in much lower concentrations. For this, 65 mg powdered liver tissue was extracted with 1 ml of ethanol and diethyl ether (2:1 vol/vol). The extracts were dried and treated with 1 ml 90% acetic anhydride/10% sulphuric acid for 1 h at room temperature (RT). Absorbance was measured at 600 nm and normalized to the DM content of the liver specimens.
Western blot analysis. Liver tissue samples (40 mg), powdered under liquid nitrogen were extracted in 0.4 ml lysis buffer in 50 mM Tris-buffered saline (TBS pH 7.6) containing 1 mM EDTA, 100 mM NaF, 1 mM NaVO4, 0.5% DOC, 0.1% SDS, 1% Igepal. Extracts were centrifuged at 13,000 rpm for 10 min at 4°C. Protein content was assayed by the bicinchoninic acid method (47) using bovine serum albumin (BSA) as reference. Equal amounts of protein were treated with Laemmli buffer, boiled for 5 min, loaded on a 12% SDS gel, and electrotransferred to nitrocellulose. Blots were blocked in TBS containing 0.1% Tween 20 (TBST) and 3% BSA for 1 h at RT under shaking, rinsed with 0.1 M TBST (pH 7.8) and the primary antibodies AMPK␣ (clone 23A3) and pAMPK␣ (Thr 172) (each 1:500; Cell Signaling, Danvers, MA) were incubated for 16 h at 4°C. After five washing steps in TBST, horseradish peroxidase-labeled anti-rabbit antibody (1:1,500; Santa Cruz, Santa Cruz, CA) was applied for 2 h at room temperature. After washing, blots were developed on hyperfilms using enhanced chemiluminescence reaction. The hyperfilms were scanned, and digital images were analyzed by ImageJ software.
Two-dimensional electrophoresis. Powdered liver tissue (100 mg) was extracted with 200 l of 8 M urea, 50 mM Tris, 2% CHAPS, 40 mM DTT, 0.5% IPG-buffer (all from Amersham Biosciences, Uppsala, Sweden), and a trace of bromophenol blue. After centrifugation (11,000 g, 4°C, 20 min), the supernatant was used for determination of the protein concentration according to the Bradford method using BSA as standard. Each individual liver extract was applied to twodimensional electrophoresis in duplicates yielding 24 gels in total. An amount of ϳ400 g of each extract was added to 320 l rehydration buffer (8 M urea, 2% CHAPS, 0.8% IPG-buffer, 18 mM DTT, and a trace of bromophenol blue), mixed, and loaded to 18 cm long ready-made Immobiline DryStrip gels (IPG) containing a wide-range pH gradient 3-10. Rehydration and isoelectric focusing were performed for 12 h at 50 V followed by 50 A/IPG strip, 500 V for 1 h, 1,000 V for 1 h, and 8,000 V for 4 h 20 min using an Ettan IPGphor3 device (GE Healthcare, Munich, Germany). Strips were equilibrated in buffer containing 50 mM Tris (pH 8.8), 30% glycerol, 6 M urea, 2% SDS, 1% DTT followed by a second incubation in the same buffer except DTT was substituted by iodoacetamide 2.5%, each for 15 min under gentle agitation. Strips were transferred to 12.5% SDS PAGE gels (20 ϫ 20 ϫ 0.1 cm) and embedded in low melting agarose containing a trace of bromophenol blue. SDS PAGE was performed in an Ettan DALTsix system (GE Healthcare) at 1.5 W/gel for 1 h, followed by 100 W for 3.5 h. The gels were stained overnight in colloidal Rotiblue (Roth, Karlsruhe, Germany) and subsequently destained in aqueous 15% methanol and 5% acetic acid.
Image analysis. Colloidal Coomassie-stained gels were scanned using an Epson Perfection 1250 scanner, and files were saved in tiff format (8 gray scales, 200 dpi). The two-dimensional electrophoresis image analysis was carried out on a computer using Delta2D software version 3.6 (DECODON, Greifswald, Germany; http://www.decodon. com). Gels were warped using an individual image per experimental group as template for all other images, followed by pair-wise warping of the two group template images. A fusion image was created from all warped images containing all spots from all gels. After automatic spot detection on the fusion image, spot boundaries were transferred to the individual images. Spot volumes were than quantified according to the gray value of each spot. The sum of all spot volumes (total spot volume) was set to 100%, and each single spot volume was normalized to 100%, yielding the relative spot volume. Means of relative spot volumes of the analytical duplicates were calculated and used for t-test comparison of the treatment groups.
Mass spectrometry and peptide mass fingerprinting. Protein identification was performed according to the method described previously (33) . Briefly, spots of a Coomassie-stained gel were automatically punched out with an Ettan spot cutter (Amersham Biosciences) equipped with a 2 mm diameter picker head. Excised spots were transferred into 96-well microtiter plates. The tryptic digest with subsequent spotting on a matrix-assisted laser desorption/ionization (MALDI) target was carried out automatically with the Ettan Spot Handling Workstation (Amersham Biosciences). The molecular masses of tryptic digest were measured on a 4800 MALDI tandem time-of-flight (TOF/TOF) Analyzer (Applied Biosystems, Foster City, CA). The spectra were recorded in a mass range from MW 900 to 3,700 with a focus mass of MW ϭ 2,000. For one main spectrum, 30 subspectra with 60 shots per subspectrum were accumulated using a random search pattern. If the autolytical fragments of trypsin with the monoisotopic (MϩH) ϩ m/z at 1,045.556 and 2,211.104 reached a signal-to-noise ratio (S/N) of at least 20, an internal calibration was automatically performed as two-point calibration using these peaks. The standard mass deviation was Ͻ0.15 Da. If the automatic mode failed (in Ͻ1%) the calibration was carried out manually. After calibration the peak lists were created by using the "peak to mascot" script of the 4000 Series Explorer Software (V3.5). Selected settings were: mass range from 900 to 3,800 Da, peak density of 15 peaks per 200 Da, minimal area of 100, and maximal 60 peaks per spot. The peak list was created for an S/N ratio of 10.
MALDI-TOF-TOF mass spectrometry. To confirm the results obtained by MALDI-TOF-mass spectrometry (MS), MALDI-TOF-TOF analysis was performed as follows: The MALDI-TOF-TOF measurements were carried out on the 4800 MALDI TOF/TOF Analyzer (Applied Biosystems, Foster City, CA). The three strongest peaks of the TOF-spectra (when met the default settings mentioned above) were selected automatically and measured. For one main spectrum 25 subspectra with 125 shots per subspectrum were accumulated using a random search pattern. The internal calibration was automatically performed as one-point calibration with the monoisotopic arginine (MϩH) ϩ m/z at 175.119 or lysine (MϩH) ϩ m/z at 147.107 reached a S/N of at least 5. The peak lists were created by using the "peak to mascot" script of the 4000 Series Explorer Software (V3.5). Selected settings were: mass range from 60 to precursor Ϫ20 Da, peak density of 15 peaks per 200 Da, minimal area of 100, and maximal 65 peaks per precursor. The peak list was created for a S/N ratio of 7.
For the identification of proteins data base search with the analyte peptide mass fingerprint was performed against the databases NCBInr (National Center for Biotechnology Information, http://www.ncbi. nlm.nih.gov/) and Swiss-Prot (http://us.expasy.org/sprot/) using the Mascot search engine version 2.1 (Matrix Science, London, UK). Search parameters were taxonomy: "all entries"; variable modifications: "carbamidomethyl (C)" and "oxidation (M)"; peptide tolerance Ϯ 50 ppm; peptide charge "1ϩ"; MS/MS tolerance "0.5 Da"; "monoisotopic".
RESULTS
Straw feeding for 60 h in the restricted group resulted in 16% of the energy intake of that in the ad libitum-fed cows. Age, milk yield, days in lactation, and body mass at the day of slaughter did not differ among groups. Total liver fat content rose from 4% of wet weight in the ad libitum-fed group to 13% of wet weight in the restricted group, which corresponds to an increase of 325%. When expressed as a percentage of DM, liver fat content was 274% in the restricted group, whereas that of cholesterol was 73% compared with the control group (Fig. 1) . The protein, glycogen, and glucose contents were reduced to 80, 23, and 17% (of DM) of the values in the ad libitum fed group (each P Ͻ 0.03; t-test). However, total protein and cholesterol content did not differ between groups when related to wet weight, which was due to the higher DM content in feed-deprived animals. Furthermore, hepatic calcium concentrations of the restricted group rose on average to 270% (P Ͻ 0.02; t-test) of that in the ad libitum-fed group (Fig. 1) . Fig. 1 . Total fat, total protein, glucose, glycogen, cholesterol, and calcium concentrations in liver specimens of ad libitum or restricted cows. Black bars and P values refer to liver dry matter (DM) content, whereas numbers and bars in gray refer to liver wet weight. Data are presented as means ϩ SD (t-test).
Liver glucose and fatty acid metabolism, as well as calcium homeostasis, is strongly regulated by the AMPK pathway (3, 30) . Therefore, we examined whether feed deprivation noticeably activates AMPK by its phosphorylation. When animals were feed deprived for 60 h, phosphorylation of AMPK␣ increased to 190% compared with their ad libitum-fed counterparts (Fig. 2) .
To identify those liver proteins that potentially account for induction of fatty liver due to feed deprivation and/or those potentially involved in the AMPK pathway, two-dimensional gels for each individual animal were run in duplicate (24 gels in total), and separated proteins were quantified. The comparison of two-dimensional gels of the ad libitum and the restricted group using the relative spot volume revealed 59 clearly separated spots whose expressions were significantly different (P Յ 0.05) and 8 spots that tended to be differently expressed (P Յ 0.1) between feeding groups. Among these, we identified 35 spots by MS covering 34 different proteins, most of them involved in fat, carbohydrate, and protein metabolism, but also in electron transfer, calcium homeostasis, and cytoarchitecture (Table 1 , wherein spot numbers refer to those in Fig. 3 ). According to their biochemical function, five enzymes involved in fatty acid and steroid degradation, two electron transferring proteins, six enzymes of the glycolytic pathway, 10 enzymes involved in amino acid metabolism and protein degradation, and two cytoskeletal proteins were downregulated after feed deprivation. By contrast, two proteins involved in cholesterol transport (Apo-AI and sterol carrier protein 2), two enzymes of the urea cycle, parathymosin, an inhibitor for glycolytic enzymes (8) , and three proteins involved in calcium homeostasis as well as glia maturation factor-␤ were found to be upregulated after feed deprivation (Table 1, Fig. 3 ).
Next we asked how expression of glucose and fat metabolizing enzymes is related to the content of the corresponding substrates they convert. Linear regression analysis between relative spot volume of glycolytic enzymes and glucose plus glycogen concentration, considering all 12 animals, revealed direct correlation (P Ͻ 0.05), with coefficients ranging between 0.35 Ͻ R 2 Ͻ 0.72 (Fig. 4) . In terms of fatty acidmetabolizing enzymes, we found inverse correlation between expression of Ac-CoA acetyltransferase 2 (R 2 Ͼ 0.37; P Ͻ 0.04) and acyl-CoA dehydrogenase (R 2 Ͼ 0.27; P ϭ 0.085) and the total liver fat content (Fig. 4) . Other identified proteins, which are known to be involved in fatty acid metabolism or calcium homeostasis, showed no significant (P Ͼ 0.1) relation to their corresponding substrates.
DISCUSSION
The main objective of the present study was to explore the interrelationship between nutritional status and physiological adaptation in liver of feed-deprived dairy cows. Hepatic composition observed was consistent with previous data obtained from feed-restricted or starved lactating cows showing an increase in total fat content accompanied by a decrease of glucose and glycogen concentrations, similar to the hepatic condition observed in dairy cows during the periparturient period. In contrast to liver glycogen concentrations in biopsies of early lactating cows, which were found to be between 2 and 4% of wet weight (22, 37), we here measured glycogen concentrations between 0.2 and 2% (wet weight) for slaughter tissue. Similarly, hepatic glucose concentration determined was 0.5-2% (wet weight), whereas Baird et al. (4) found only 0.5-0.9% in biopsies of starved and ad libitum-fed cows. This discrepancy is likely due to the process of slaughter in which partial hydrolysis of glycogen may have occurred. To overcome this problem we calculated the sum of glucose and glycogen and obtained values ranging from 0.4% (restricted) to 4.5% (ad libitum) of wet weight, being thus comparable to biopsy values, and were used for correlation analysis in Fig. 4 .
The fact that liver cholesterol (determined as 3-hydroxy-5-dehydro steroid) does not change with feed deprivation when expressed relative to wet weight but decreased when normalized to DM content is because of the lower tissue water level in animals with a higher liver fat content. In contrast, Brumby et al. (10) reported increasing cholesterol concentrations of liver dry matter after starvation. Furthermore, we found increased calcium concentrations when feed intake of dairy cows does not meet energy demands.
Measured hepatic substrate concentrations allowed the direct comparison to the liver proteome pattern, because concentrations measured in plasma would reflect the influence of many other sources. The changed liver substrate concentrations indicate the transition from anabolic to catabolic status during feed restriction, which is strongly controlled by the AMPK pathway, a nutrient sensor and key regulator of cell signaling to adapt expression of enzymes involved in glycogen, fatty acid, steroid, and protein synthesis, as well as in calcium homeostasis (3, 30, 31) . An increased liver AMPK activity was found earlier in mice fasted for 24 h (21) and in rats fasted for 48 h (54). Here we describe augmented phosphorylation of liver AMPK␣ in response to 60 h feed deprivation in dairy cows, an observation pointing to the activation of downstream signaling and subsequently changed expression of genes that adapt liver metabolism to an altered metabolic state.
Lipid metabolism. Two of the four enzymes of the ␤-oxidation pathway, acyl-CoA dehydrogenase (EC 1.3.99.2) and Ac-CoA acetyltransferase 2 (thiolase; EC 2.3.1.9), were both Theo, theoretical; ϩM ϭ ϩOxidation; ϩC ϭ ϩCarbamidomethyl; n.d., not determined.
Table 1. MALDI-TOF-MS, MALDI-TOF-TOF, and MASCOT data of liver proteins that were differentially expressed in response to feed deprivation
found to be substantially downregulated after feed restriction, suggesting a diminished degradation of fatty acids that might be one reason for the increased liver fat content. In parallel with decreased ␤-oxidative enzymes, we observed approximately half of the fatty acid binding protein 1 (FABP1) expression after feed restriction. FABP1 binds free fatty acids and their CoA derivatives and promotes mitochondrial but not peroxisomal ␤-oxidation (41) . Thus it appears likely that downregulation of FABP1 after feed restriction occurs as response to limit not only fatty acid oxidation but also any further TAG deposition. The latter assumption is supported by the finding that FABP1 knockout mice show markedly reduced liver TAG content after fasting compared with wild-type controls (43).
We found that expression of ␤-oxidative enzymes is inversely correlated to the liver fat content (Fig. 4) . This corresponds to earlier observations describing that reduced activity of 3-hydroxyacyl-CoA dehydrogenase, another enzyme belonging to the ␤-oxidation pathway, is associated with a higher liver TAG content in cows (15% of wet weight; Ref. 42 ) and humans (6) around parturition. In cows at 3 wk postpartum and thereafter, liver TAG was also negatively correlated with total oxidation capacity (22) . In addition, when cows were restrictively fed (50% of ad libitum intake) during the dry period, animals had a diminished liver TAG content (2-to 2.5-fold) within the first 2 wk after parturition but increased thiolase mRNA expression compared with ad libitum-fed counterparts (37). Fig. 3 . Colloidal Coomassie-stained 2-dimensional gel electrophoresis of cow liver. Proteins were horizontally separated on an IPG gel strip (pH 3-10) and vertically on a 12.5% SDS-PAGE gel (20 ϫ 20 ϫ 0.1 cm). Spot numbers refer to differentially expressed proteins between feeding groups and are further characterized in Table 1 .
Thiolase not only acts as cleavage enzyme of the ␤-oxidative pathway but also catalyses the condensation of two Ac-CoA yielding acetoacetyl-CoA. The formation of acetoacetyl-CoA is thus determined by the ␤-oxidation (direct pathway) or by condensation of Ac-CoA (indirect pathway) (25) . Thus, downregulation of thiolase after 60 h feed deprivation suggests the limited availability of Ac-CoA (which may be due to reduced CoA biosynthesis; see below) and consequently a limited production of ketone bodies, which is indirectly confirmed by the fact that our restricted cows were not ketotic (data not shown).
By contrast, feed restriction-induced ketosis in cows during the first 2 wk of lactation shows increased expression of liver Ac-CoA acetyltransferase 1 mRNA compared with ad libitumfed animals (38) , pointing to an accelerated use of Ac-CoA for ketogenesis. This finding implies that the extent and duration of energy restriction, as well as the physiological state of the experimental cows, are major factors for formation of acetoacetyl-CoA, which is controlled either by a limitation of ␤-oxidation or ketogenesis at the level of the acetoacetyl-CoA/ Ac-CoA ratio (25) .
Another pathway for fatty acid degradation may involve aldehyde dehydrogenase (spot 11; EC 1.2.1.3) converting fatty acids toward their corresponding aldehydes. Diminished expression of aldehyde dehydrogenase (which is not solely a player in fatty acid metabolism but also in a number of other metabolic pathways; see below) might refer to limited fatty acid degradation, too.
Peroxiredoxin 6 (EC 1.11.1.15) reduces H 2 O 2 , short chain fatty acids, and phospholipids and thus protects against oxidative injury. In the present study, we found reduced expression of peroxiredoxin 6 after feed deprivation, suggesting diminished capability to counteract oxidative stress in the liver. Similarly, reduction of peroxiredoxin 5 mRNA abundance was observed in restrictively fed cows (38) , and in cultured hepatocytes, peroxiredoxin 6 was downregulated in response to serum deprivation (19) . Aldo-keto reductase family 1 member C1 (AKR1C1; EC 1.1.1.149) converts 20-alpha-hydroxysteroids such as progesterone but also ␣,␤-unsaturated aldehydes produced during lipid peroxidation to their inactive forms (11) . Thus, downregulation of AKR1C1, likewise observed for other members of the aldo-keto reductase family on the mRNA level (38) , reflects augmented oxidative stress in the ruminant liver upon severe caloric restriction.
Sterol carrier protein 2 (SCP2; EC 2.3.1.176) facilitates transfer/exchange of cholesterol, phospholipids, and their hy- droperoxides between membranes and plays a key role in intracellular lipid trafficking. Therefore, upregulation of SCP2 accompanied by lowered liver cholesterol and increased Apo-A1 concentrations suggests an intensified cholesterol efflux, which is supported by increasing plasma cholesterol concentrations after 5 days of fasting (14) . Consistent with our finding, Apo-A1 mRNA was also upregulated in cows that were feed restricted early after parturition (38) . Upregulation of Apo A1 could also be interpreted as an insufficient attempt to export TAGs from the liver via VLDL in line with the fact that ruminant animals have a low rate of VLDL secretion (29) .
Electron transport. Cytochrome B5 and electron transfer flavoprotein-␤ are specific electron acceptors intimately associated with various redox domains, but primarily with dehydrogenases involved in desaturation of fatty acids. Although we could not identify any desaturase expression to be reduced, decreased expression of these two electron transporters suggests limited dehydrogenation of fatty acids after feed restriction, a similar finding as reported at mRNA level by Loor et al. (38) .
Carbohydrate metabolism. It is well established that several liver gluconeogenic enzymes such as phosphopyruvate carboxylase and pyruvate kinase show decreased activities in starved cows (50) . A recent microarray study revealed a number of genes involved in glycolysis and gluconeogenesis that were downregulated after restricted feeding (38) . Here we confirm downregulation of 6-phosphofructokinase (EC 2.7.1.11), enolase 1 (EC 4.2.1.11), and triosephosphate isomerase (EC 5.3.1.1) and identified further enzymes to be less expressed in response to feed deprivation, namely fructose-bisphosphate aldolase B (EC 4.1.2.13), sorbitol dehydrogenase (EC 1.1.1.14), and aldehyde dehydrogenase 2 (EC 1.2.1.3) at the protein level. Moreover, upregulation of parathymosin, an inhibitor for glycolytic enzymes (8) , supports the observation of a reduced glycolytic activity, which very likely occurs in response to lowered glycogen and glucose concentrations. An exhausted glyco(geno)lysis could lead to depletion of ATP as described for the liver of starving cows (4, 5) and thus affect signals that are mediated by afferents in the vagus nerve according to the so-called "hepatic oxidation theory" (2) . However, as deduced from more recent studies ATP in the liver is likely not a limiting factor of ␤-oxidation, rather reduced CoA biogenesis (see also below) may account for it (16) .
Protein metabolism. In early starvation, most of the amino acids are derived from the breakdown of small intestinal and liver proteins, but as starvation proceeds the major site of proteolysis will be the skeletal muscle (18) . Therefore, the reduced liver protein content found in the present study seems to reflect acute feed deprivation. After 60 h of deprivation, we found that ubiquitin carboxyl-terminal esterase L3 (EC 3.4.19.12), proteasome 26S subunit, heat-shock 70 kDa protein 5 (HSPA5), a member of the heat shock protein-70 (HSP70) family, and protein disulfide-isomerase-related protein 5 (Erp57; EC 5.3.4.1), all of which play a crucial role in protein degradation and antigen processing via the MHC-I pathway were downregulated and thus probably protect the liver from further protein degradation. Moreover, dihydrodipicolinate synthase (DHDPS; EC 4.2.1.52), whose function is not clarified for mammalians, is supposed to act as lyase and therefore, its downregulation might inhibit continuing degradation processes.
Similarly, ␤-ureidopropionase (EC 3.5.1.6) and dihydropyrimidinase (EC 3.5.2.2), two consecutive enzymes for panthothenate and CoA biosyntheses were downregulated after feed restriction, indicating a restricted potential for the formation of acyl-CoA and consequently ␤-oxidation (see also above). Comparably, ␤-ureidopropionase activity was also decreased in the liver of rats fed a protein-restricted diet (27) .
During prolonged starvation, primarily extrahepatic amino acids are degraded by the liver to remove nitrogen as urea.
Here we found arginase-1 (EC 3.5.3.1) and argininosuccinate synthetase (EC 6.3.4.5), two enzymes of the urea cycle to be overexpressed after feed restriction, a similar finding as described previously for the hepatic mRNA equivalents of fasting monogastric animals (17, 48) and of feed-restricted cows (38) , all pointing to an amplified amino acid degradation and urea production. This finding is supported by increasing plasma urea N concentrations found when cows were feed restricted for 8 days (12) . Conversely, cellular pathways closely associated with the urea cycle appear to be inhibited as indicated by downregulation of L-arginine:glycine amidinotransferase (AGAT; EC 2.1.4.1) and glutamate dehydrogenase 1 (GLUD1; EC 1.4.1.3). AGAT is an enzyme involved in the conversion of L-arginine to creatine; the latter plays a central role in energy metabolism by buffering changes of the ADP/ATP ratio. GLUD1 plays a key role in the trans-or deamination process and links the urea cycle with the TCA cycle via the aspartate-argininosuccinate pathway. It seems that NH 4 ϩ entering the urea cycle does not primarily originate from glutamate but rather from glutamine as indicated by increasing conversion of [2- 15 N]-glutamine to glutamate (24) and upregulation of glutaminase (52) during starvation. In line with our observation, hepatic GLUD1 mRNA decreased in response to fasting in dairy cows (38) .
Furthermore, ancillary reactions of the urea cycle ensure that the bulk of the NAD ϩ /NADH required in the cytosol can be provided (9) . One of the NAD(P) ϩ generating reactions is catalyzed by quinolate phosphorybosyltransferase (QAPRTase; EC 2.4.2.19), and thus upregulation of QAPRTase appears as an attempt to assure sufficient amounts of electron carriers. In addition, increased activity of QAPRTase in rat liver was documented after severe dietary restriction (45) .
Calcium homeostasis. Calcium signaling plays a pivotal role in the regulation of metabolic pathways, for example, deprivation of dietary Ca 2ϩ eliminated increase of gluconeogenesis (39). Here we observed 1.3-to 1.5-fold upregulation of regucalcin (EC 3.1.8.2), annexin IV, and calcium binding protein SPEC 2D in the liver of feed-restricted cows, the latter possessing high similarity to calmodulin. Interestingly, mRNA of calmodulin-dependent protein kinase II has also been found to be upregulated in the liver of restricted cows (38) , supporting accumulating evidence for the involvement of calcium ions during metabolic adaptation. Also, hepatic cells from fasted rats had higher cytosolic free Ca 2ϩ than those from controls (20) . More recently, Kohno et al. (30) found that activation of AMPK elevates intracellular Ca 2ϩ concentrations and vice versa that increases in intracellular Ca 2ϩ provoke AMPK activation (35) .
Cytoskeleton. Recently, it has been demonstrated that AMPK may phosphorylate cytokeratins 8 and 18, which in turn modulate CPT-1 activity in a malonyl-CoA-independent manner and thus play a pivotal role in the regulation fatty acid oxidation (49). Although we did not specifically examine phosphor-ylation of cytoskeletal proteins in the present study, we found an isoform of cytokeratin 8 and also cofilin, an ubiquitous actin-binding factor regulating assembly and disassembly of actin filaments, both to be downregulated after feed restriction. Cofilin was also reduced in the kidney of rat embryos when their mothers were fed a protein-restricted diet (53) . Also, a number of cytoskeletal proteins were aberrantly expressed in the liver of high fat-fed mice (28) . Taken together, these observations indicate that the cytoarchitecture is rearranged in response to changing dietary energy levels.
We further observed upregulation of the glia maturation factor-␤ after 60 h of feed deprivation. In the brain it causes differentiation and stimulation of neural regeneration. Furthermore, overexpression of glia maturation factor has been shown to activate glycogen synthase kinase-3␤ at least in neuroblastoma cells (55) , and Loor et al. (36) found increased expression of glia maturation factor gamma mRNA in the liver of feedrestricted cows. However, function and regulation of the glia maturation-␤ factor in the liver are not well understood.
Summary and conclusions. Results of our proteomic approach complement and expand recently gained knowledge about metabolic and signal regulation in the liver of feeddeprived cows. Whether and how the differentially expressed proteins found directly participate in the AMPK pathway remain, however, to be determined. The majority of these expression changes directly correlate to the concentration of corresponding metabolites in the liver (see Fig. 4 ) and can be associated with reduced fatty acid oxidation, exhausted glyco(geno)lysis, and diminished protein degradation, clearly indicating that after feed restriction the liver reduces overall metabolic activity and consequently energy utilization. Our findings also reveal a number of rearranged cytoskeletal molecules and present potentially novel candidates of Ca 2ϩ signaling network that are involved in signaling for metabolic adaptation to feed restriction and development of fatty liver.
